BACKGROUND: Obesity is associated with reduced exercise maximal fat oxidation rate (FATmax), which is generally assessed by cardiopulmonary cycling test. The six-minute walking test (6MWT) presents an alternative method in patients. OBJECTIVE: The aim of this study was to establish a practical reference equation facilitating the prediction of FATmax from the 6MWT in obese children of both genders. DESIGN: This study is a cross-sectional study using mixed linear and multiple regression models. RESEARCH METHODS AND PROCEDURES: Anthropometric measurements were recorded and submaximal cycling test and 6MWT conducted for 131 school-aged obese children, 68 boys and 63 girls. A multiple regression analysis for FATmax, including six-minute walking distance (6MWD), anthropometric and cardiac parameters as the dependent variables, was performed for the two genders separately. RESULTS: Mean 6MWD and FATmax were 564.9 ± 53.7 m and 126.5 ± 12.1 mg min À1 for boys and 506.7 ± 55.0 m and 120.7 ± 10.0 mg min À1 for girls, respectively. The 6MWD, body mass index, Z-score, fat-free mass, waist and hip circumferences (WC and HC), rest heart rate, and systolic and diastolic blood pressures were highly correlated with FATmax for both genders. There was a significant correlation between 6MWD and FATmax in both boys and girls (r ¼ 0.88 and r ¼ 0.81, Po0.001, respectively). Stepwise regression analyses revealed that the combinations of 6MWD with HC for boys and 6MWD with WC for girls improved the predictability of the model (R 2 ¼ 0.81 for boys and R 2 ¼ 0.72 for girls; Po0.001). CONCLUSION: In obese children, the 6MWT can be used to predict FATmax when formal test of exercise capacity and gas exchange analysis are unavailable or impractical. It is therefore possible to prescript targeted exercises at FATmax, without performing indirect calorimetry, just from a field test.
INTRODUCTION
Childhood obesity has been identified as a worldwide major health problem, 1 which is associated with a reduced exercise tolerance and a decrease of cardiopulmonary function, as well as an alteration of peripheral muscle responses. 2 --4 Muscular abnormalities could alter the balance of substrate utilization, 5 thus facilitating fat accumulation in adipose tissue. However, physical training is recognized as a therapy and has become more and more administrated over the past decade, 6 --9 especially in weight management programs. 6, 7, 10 The maximal fat oxidation rate (FATmax) power called 'LIPOXmax' represents the exercise intensity at which the highest rate of lipids is oxidized. On the basis of the crossover concept, 11 several studies have individualized and calibrated the intensity of exercise training at LIPOXmax and showed that this type of training is efficient for contracting the metabolic dysfunction-related obesity, consequently leading to better lipid oxidation during exercise, as well as body composition and insulin sensitivity improvement in obese children. 6, 10, 12 The assessment of functional capacity and exercise tolerance is commonly examined in obese subjects by cardiopulmonary exercise test with measurement of respiratory gas exchange, which requires sophisticated equipment and specially trained personnel. Although the cardiopulmonary exercise test remains the gold-standard method of assessing the individual's metabolic, cardio-respiratory fitness and maximal capacity for exercise, the high-intensity nature of exhaustive stress tests may be inappropriate for certain low-fit or patient groups. Moreover, this maximal exercise test is not tolerated by severely limited subjects because of medical symptoms. Therefore, submaximal exercise testing may provide a safe, practical means of evaluating functional status, monitoring treatment effectiveness and establishing prognosis. Recently, the development of field tests, such as walking tests, permits to provide simply the measurement of functional exercise capacities of healthy or unfit subjects. The six-minute walking test (6MWT) has emerged as a common approach, and recent normative data have extended its application. 13 --15 The 6MWT has shown good validity and reliability, and is considered as the more relevant test that reflects physical activities of daily living, as well as cardiopulmonary fitness in healthy children 16, 17 and in children with various diseases. 14,15,18 --20 Therefore, in addition to the assessment of cardiopulmonary and functional status, it has been reported that 6MWT could be a reliable parameter to predict peak oxygen uptake (VO 2 peak) in patients with varied diseases; 21, 22 however, additional data linking the 6MWT performance to selected physiological measures of gas exchange were needed to optimize the use of this test.
To our knowledge, the possibility of a relationship between 6MWT and FATmax at LIPOXmax has never been verified, and the prediction of FATmax by anthropometric and cardiac parameters and walking distance has never been obtained.
Finally, we suggested that the implications of the reference equation to predict the FATmax for children with cardio-respiratory and metabolic-related obesity diseases may be considerable in human biology and include potential errors regarding the level of patient disability and unrealistic expectations for therapeutic interventions designed to improve exercise capacity and metabolic abnormality. We hypothesize that 6MWT performance and anthropometric and cardio-respiratory characteristics would predict the FATmax among obese children. The aim of this study was, therefore, to establish a practical reference equation facilitating the prediction of the FATmax in obese children of both genders.
SUBJECTS AND METHODS

Participant recruitment
One hundred and thirty-one obese children (63 girls, age: 13.8 ± 0.8 years, weight: 82.6 ± 14.40 kg, height: 1.63 ± 0.06 m, and 68 boys, age: 13.4 ± 1.06 years, weight: 76.6±12.1 kg, height: 1.62±0.06 m) were selected from randomized school population. The participants were selected by a twolevel cluster sampling: (1) Three secondary schools among 50 were chosen randomly from the center of Tunisia. (2) The sample included a mix of rural and urban children, and by a standard questionnaire 23 subjects were selected according to the exclusion criteria defined as follows: (1) respiratory symptoms in the past 4 months before testing (n ¼ 21); (2) cardiac disease or any acute or chronic respiratory disease such as chronic cough, chronic congestion or phlegm, and wheezing or asthma (n ¼ 14); (3) chest, abdominal or nasal surgery (n ¼ 12); and (4) smoking (n ¼ 3). On the basis of these criteria, 50 children out of 200 were excluded. Submaximal cycling test and 6MWT were conducted in 150 obese children. About 19 obese children, unable to perform submaximal cycling test adequately, were also excluded. In total, 131 obese children (68 boys and 63 girls) aged 12 to 14 years, whose body mass index (BMI) was 497th percentiles, 24 were included. Their minimal BMI value was 28.0, whereas the maximal was 41.0.
The study was conducted with the agreement of the Ministries of Education and Public Health, and on approval from local ethics committee in accordance with the ethical standards of the Helsinki Declaration of 1975. Before the study, the children and their parents gave written informed consent for the experimental procedures, and the associated risks and the benefits of participation were explained.
Anthropometric and cardiac measurements
Medical examination was carried out and anthropometric measurements were recorded for each participant by a pediatrician. Body mass was measured to the nearest 0.1 kg on a digital scale (OHAUS, Florhman Park, NJ, USA). Height was measured with a standing stadiometer and recorded with a precision of 0.1 cm, and then the BMI (kg m
À2
) was calculated as body weight (kg) divided by the square of height (m). The Zscore for BMI was calculated according to the Rolland-Cachera et al. 24 formula. The percentage of body fat (% BF) was calculated using the equation of Slaughter et al. 25 for children with triceps and subscapular skinfolds o35 mm:
Boys: % BF ¼ 1.21 (sum of two skinfolds) 2 À 0.008 (sum of two skinfolds) À 1.7; Girls: % BF ¼ 1.33 (sum of two skinfolds) 2 À 0.013 (sum of two skinfolds) À 2.5
For children with triceps and subscapular skinfolds 435 mm, the percentage of body fat was calculated as follows:
Boys: % BF ¼ 0.783 (sum of two skinfolds) À 1.7; Girls: % BF ¼ 0.546 (sum of two skinfolds) þ 9.7
After determination of fat mass and fat-free mass, the waist and hip circumferences (WC and HC) were measured by using a ribbon meter, and both ratio of waist/hip and waist height were calculated.
Pubertal stages were evaluated according to the Tanner classification   26 by the same trained endocrinologist: prepubertal children were children who were in stage I, pubertal children were those who were in stage II and III and postpubertal children were those who were in stage IV and V. Similarly, systolic and diastolic blood pressures were measured twice with the child at rest in seated position, by auscultation with an aneroid sphygmomanometer (Richter, Hamburg, Germany) and an appropriate-size cuff, following 5 min of quiet rest. The average of these two recordings was used for further calculations.
Measurements and tests 6MWT. The 6MWT was conducted at the hospital on a plane surface in a 30-m-long covered corridor marked every 2 m. The test was conducted according to the recommendations of the American Thoracic Society. 27- Participants were instructed to walk the longest distance possible at their own pace during the allotted time. Individuals were allowed to stop and rest during the test, but were instructed to resume walking as soon as they felt capable of doing so. Standardized encouragements (for example, 'Keep going', 'You are doing well') and announcement of time remaining were given to the children. Before beginning the test, the participants sat on a chair located near the starting position for at least 10 min to determine the rest heart rate (HR) values and oxy-hemoglobin saturation (finger pulse oxymeter; Nonin Medical, Inc., Minneapolis, MN, USA). These parameters were also recorded every minute during and 5 min after the test. Dyspnea scores were measured on a Borg scale at the end of the test. 28 The subject indicated the number corresponding to the perception of his effort and his feeling of breathlessness.
Submaximal cycling test
All subjects underwent a cardiopulmonary exercise test on an electromagnetically braked cycle ergometer (Ergoline, Bitz, Germany) according to the protocol previously described by Brandou et al. 6 Gas exchange was monitored on a breath-by-breath basis, using a metabolic cart (ZAN 600; ZAN Messgeräte, Oberthulba, Germany). HR was also monitored continuously using an electrocardiogram (ZAN ECG 800; ZAN Messgeräte) for determining maximal and LIPOXmax-HR. All tests were conducted indoors in the morning at 24 1C and 56% of hygrometry.
Before each exercise test, the theoretical maximal oxygen intake (VO 2max th) and the theoretical maximal aerobic power (W max th) were calculated for each subject using the prediction equations of Wasserman et al. 29 which take age, sex and anthropometric characteristics for obese children into account:
Girl: VO 2max th (ml min À1 ) ¼ (52.8 Â body weight (kg)) À 303.4
Boy: VO 2max th (ml min
The W max th was calculated using the following equation:
The test protocol involved a 3-min rest period during which ventilatory parameters (VO 2 and VCO 2 expressed in ml min À1 ) were recorded, followed by submaximal exercise that consisted of a progressive increase in workload every 6 min with five steady-state steps corresponding to 20, 30, 40, 50, and 60% of W max th. The exercise test ended with a 4-min active recovery period at 20% of W max th. VO 2 and VCO 2 were determined as the means of measurements during the fourth and sixth minutes of each work load for determining VO 2 peak and fat oxidation flow rates. Whole-body lipid oxidation during exercise was calculated, which is the FATmax power (LIPOXmax), expressed in watts, which corresponds to the exercise intensity at which the highest rate of lipids is oxidized, or FATmax, expressed in mg min À1 , according to the following equation: 6 Lipid oxidation (mg min
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Statistical analysis
All data were presented as mean values and s.d. Regression analysis was used to explore relationships among the variables measured. First, we used stepwise and maximum R 2 improvements for identifying variables that would contribute to the prediction of FATmax for each gender separately. The six-minute walking distance (6MWD) and HC, as well as 6MWD and WC, were included in the multiple regression models for boys and girls, respectively. The coefficients of determination (R 2 ), standard error (s.e.) and residual s.d. were included for each gender. Analysis was performed using the StatView software, and the significance threshold was set at Po0.05.
RESULTS
Anthropometric and cardiac parameters
The anthropometric data of both boys and girls are presented in Table 1 . The mean age, BMI Z-score, fat-free mass, HC and WC were 13.4 ± 1.1 years, 3.4 ± 0.7, 45.3 ± 6.3 kg, 97.8 ± 8.5 cm, 105.9±7.6 cm, respectively, for boys and 13.8±0.9 years, 3.8 ± 0.9, 48.6 ± 8.5 kg, 103.4 ± 11.6 cm, 112.7 ± 8.9 cm, respectively, for girls.
The mean rest HR, systolic blood pressure and diastolic blood pressure were 86.0±6. 5 Stepwise and multiple regression analyses between LIPOXmax and independent variables The 6MWD significantly correlated with FATmax in both boys and girls with correlation coefficients of 0.88 and 0.81, respectively (all Po0.001) (Figures 1a and b) . Similarly, Table 3 shows significant relationship between 6MWD and both LIPOXmax power and HR, and VO 2 peak in both boys (r ¼ 0.86, À0.85 and 0.76, respectively;
Po0 (r ¼ 0.90)) and girls (R 2 ¼ 0.72 (r ¼ 0.85)), ( Table 4 ). The multiple regression coefficients for the equations using 6MWD, WC and HC as independent variables separately for the two genders are shown in Table 5 .
DISCUSSION
The objective of this study was to identify the relationship between FATmax, 6MWT and anthropometric and cardiac parameters and to establish a practical reference equation facilitating the prediction of the FATmax in obese children of both genders. To the best of our knowledge, this is the first investigation carried out to predict FATmax from 6MWT performance in a representative sample of obese children. Our main finding shows that from a multivariable model, the 6MWD and the WC and HC collected variables were independently predictive of FATmax in obese children of both genders.
The importance of training and exercise testing in obese children is well documented. 6, 7, 10, 15, 30 Assessment of functional capacity assists in the metabolic and cardio-respiratory diagnosis and derives individualized training guidelines for this population over weight-loss and rehabilitation programs. Direct measurement of gas exchanges during incremental cardiopulmonary exercise test remains the gold-standard methods to predict metabolic or cardio-respiratory abnormalities in the patient population. 6, 7, 30 However, field exercise tests, such as the 6MWT, have been progressively advocated as alternative procedures in the assessment of functional capacity of healthy subjects or patients. Walking is, of course, one of the normal activities of life; it reflects the capacity to undertake daily activities. 31, 32 Compared with the incremental cardiopulmonary exercise test, the 6MWT did not provide more specific information; however, its simplicity, ease of administration, low cost and routine use would advise this test evaluation in healthy subjects or patients, and in adults or children. The six-min walking test has been validated by high correlation with workloads, HR, oxygen saturation and the dyspnea responses when compared with standard bicycle ergometry and treadmill exercise tests. 13, 33 Furthermore, functional performance is also tightly coupled with indices of quality of life, which may have a direct or indirect impact on the patient's ability to cope with disease process and to remain independent. 34 The 6MWT offers an opportunity to evaluate patients in a timely, practical and economically advantageous manner. The subject could be assessed over time, which is essential for an understanding of disease progression or changes resulting from medical interventions. In the current study, our subjects underwent the 6MWT without complications or premature stop or break. The boys walked 564.9 ± 53.7 m, whereas the girls walked 506.7 ± 55.0 m. Similar walking performance has been reported in previous studies in children. 15, 19 The difference between boys and girls could be due to metabolic abnormalities and anthropometric factors, which are usually independently associated with the distance walked. 31 In the present study, we present regression models that allow the evaluator to estimate FATmax for obese children of both genders. We could consider our investigation original because no studies have demonstrated that 6MWD would be prognostically useful in predicting the FATmax. The determination of LIPOXmax may then be used for exercise intensity prescription or for evaluating weight management intervention in obese population. 6, 15 However, the use of prediction equation would avoid the need for a systematic cardio-respiratory exercise test, especially when this test is not accessible, and would also serve as an easy tool for the pediatrician or the trainer to assess and follow up patients. The correlations found between 6MWD and FATmax, which are independent of the VO 2 peak, indicate that the ability to oxidize lipids is an index of metabolic fitness as suggested by some authors. 35, 36 In the present study, the FATmax occurred at Abbreviations: HR, heart rate; LIPOXmax, maximal fat oxidation rate power; VO 2 peak, peak oxygen uptake. lower exercise intensity as shown by HR. It will be very interesting in the future to compare this intensity, which is considered as the maximal lipid oxidation, with another parameter: the ventilator threshold, which has been usually used to assess exercise intensity in rehabilitation programs because it provides respiratory ease and a lower feeling of breathlessness. Recently, Michallet et al. 37 demonstrated a lower LIPOXmax than ventilator threshold in adults. However, this idea needs to be confirmed in healthy children, as well as in obese, whose metabolic indices appear to be associated with ventilatory threshold.
By using stepwise multiple regression model analysis, we identified anthropometric and physiological variable that can predict FATmax. The addition of 6MWD, WC and HC improved the predictability of the model (R 2 ¼ 0.81 for boys and R 2 ¼ 0.72 for girls). Accordingly, the distance walked in 6 min was the highest predictor of the FATmax with a correlation coefficient equal to 0.88 and 0.81 for boys and girls, respectively. This knowledge confirms our previous results on a smaller sample of obese children 15 and will impact favorably on the utility of the 6MWT. Specifically, our study sought to examine whether results of the 6MWT might predict the FATmax in obese children. Our data were in agreement with previous study results, which showed that the 6MWT is a potential predictor of the peak of oxygen uptake in patients with advanced heart failure 21 and those with moderate to severe chronic obstructive pulmonary disease. 22 From our stepwise regression modeling, we observed some interesting gender interactions between HC and FATmax for boys (r ¼ À0.23) and between WC and FATmax for girls (r ¼ À0.28). These two measures, which more accurately describe the distribution of body fat compared with BMI, have been suggested to be more closely associated with metabolic and cardiovascular disease-related complications of overweight and obese children. 38, 39 As expected, the WC and HC were the second major variables implicated in the prediction of the FATmax. Intuitively, one would expect obese subjects to have a shorter 6MWT distance. Excess body weight can increase the work of breathing and reduce exercise capacity 40 especially when these changes were accompanied by a loss in lung function. Thus, it is not surprising that WC and HC were included in our multivariate analysis. Similarly, the inclusion of WC and HC is very important to eliminate differences between patients because OMS obesity classes are different and so WC and HC help to avoid maturity or puberty difference.
Despite the risk factors of cardiovascular disease in obesity, stepwise multiple regression analyses do not highlight the importance of including cardiac parameters with exercise capacity, such as rest HR, systolic blood pressure and diastolic blood pressure. Other studies in their predictive models using 6MWT had included spirometric variables such as forced expired volume per second and forced vital capacity. 22, 40 We agree with their results because the patients investigated in their study suffer from cardiac and pulmonary diseases; nevertheless, we feel it is not necessary to include these parameters in our equation.
Moreover, the second most relevant finding of the current study is the relationship found between 6MWD and both LIOPXmax-HR and power intensity in both genders. The crude power and/or HR at which fat oxidation reaches its maximum is the most useful information if one aims at undertaking a targeted training procedure. 6, 10, 15 These data strengthen the accuracy and usefulness of the 6MWT, and extend its application for obese patients. With this new knowledge, investigators will be able to target exercise intensity at LIPOXmax without performing indirect calorimetry, just from a field test. Further studies are recommended to extend and validate the findings presented.
CONCLUSION
In obese children, the 6MWT can be used to predict FATmax with moderate accuracy using simple variables. We showed that a simple regression equation for estimation of FATmax exists for obese boys and girls. The model established in the present study appears to be practical and is easy to calculate. These new data add an additional value to the utility of the 6MWT as an alternative when formal test of exercise capacity and gas exchange analysis are unavailable or impractical. The relationship between the 6MWD and LIPOXmax-HR and power suggests the possibility to prescript targeted exercises at FATmax, without performing indirect calorimetry. However, caution should be exercised when applying our regression equations to subjects who have characteristics that fall outside our cohort. Further studies are recommended to extend and validate the findings presented.
